Significance: The main objective of this review was to provide an exposition of investigations, conducted in Drosophila melanogaster, on the role of reactive oxygen species and redox state in the aging process. While early transgenic studies did not clearly support the validity of the oxidative stress hypothesis of aging, predicated on the accumulation of structural damage, they spawned a broader search for redox-related effects that might impact the aging process. Recent Advances: Initial evidence implicating the thiol redox state as a possible causative factor in aging has been obtained in Drosophila. Overexpression of genes, such as GCL, G6PD, Prx2, and Prx5, which are involved in the maintenance of thiol redox homeostasis, has strong positive effects on longevity. Further, the depletion of peroxiredoxin activity in the mitochondria through the double knockdown of Prx5 and Prx3 not only results in a redox crisis but also elicits a rapid aging phenotype. Critical Issues: Herein, we summarize the present status of knowledge about the main components of the machinery controlling thiol redox homeostasis and describe how age-related redox fluctuations might impact aging more acutely through disruption of the redox-sensitive signaling mechanisms rather than via the simple accumulation of structural damage. Future Directions: Based on these initial insights into the plausible impact of redox fluctuations on redox signaling, future studies should focus on the pathways that have been explicitly implicated in aging, such as insulin signaling, TOR, and JNK/FOXO, with particular attention to elements that are redox sensitive. Antioxid. Redox Signal. 19, 788-803.
Historical Background
Linkage between energy utilization and life span S tudies in the fruit fly, Drosophila melanogaster, have historically made important contributions toward the development of basic concepts in many areas of biology, including the aging process, especially in defining the role of oxygen metabolism in the determination of life span. In 1917, Loeb and Northrop showed that the life span of D. melanogaster is inversely associated with the ambient temperature (61) , which, in turn, was later demonstrated to be linked to the rate of oxygen consumption within the physiological range, whose upper limit for long-term survival and optimal fecundity is *27°C (67) . A major advance in the field of aging that can be largely credited to the Drosophila model was Pearl's (77) interpretation of the effects of temperature on longevity, namely, shorter life spans at elevated temperatures are ascribable to a relatively higher physical activity or the rate of living (ROL). As originally proposed, the length of life of an individual organism is governed by two distinct factors: (i) a genetically determined metabolic potential, that is, the total amount of energy consumed during life, which varies in different genotypes, and (ii) the rate at which this metabolic potential is expended by the individual or the rate of its metabolism. It is a widely recognized phenomenon that within the range of viability, flies and other poikilotherms are physically more active and consume more oxygen at higher than at lower ambient temperatures (103) . Similarly, decreases in flying and walking activity, achieved by reducing the size of housing containers and population density, result in longer life spans and vice versa. Indeed, variations in the rate of oxygen consumption induced by virtually any nontoxic regimes have been found to have a corresponding effect on the life spans of Drosophila and other insects (64, 83, 84) .
The existence of a close association between ambient temperature, oxygen consumption, and aging in Drosophila was first clearly established by Miquel et al. in 1976 (67) . They showed that while longevity of flies was greater at 21°C than at 27°C, flies switched from high to a low temperature, and vice versa, for a part of their existence, had life spans that were intermediate between the two. Flies maintained at a higher temperature also exhibited a relatively more accelerated agerelated decline in the speed of walking and a more pronounced deterioration in the fine structure of cells. While the rates of oxygen consumption were relatively lower and life spans were longer at cooler temperatures, the total amount of oxygen consumed by flies kept at different ambient temperatures, or metabolic potential, was quite constant (4-5 ml oxygen/mg body weight). Similar inferences about the existence of an inverse relationship between rate of metabolism/ oxygen consumption and length of survival were drawn in other insect species, such as the milkweed bug (66) and the housefly (103) . Indeed, no evidence has as yet been presented to contradict the notion that a decrease in metabolic rate/ oxygen consumption within the physiological range extends the life span of poikilotherms. Nevertheless, the concept, encapsulated by the ROL theory, has been criticized by some authors, mainly because the life spans of species such as the rat and the pigeon, which have similar metabolic rates, are quite different [discussed in Refs. (72, 104) ]. Such a criticism seems to emanate from a misinterpretation of the ROL hypothesis, namely, the total lifetime energy consumption (metabolic potential) of different individuals/species with a comparable metabolic rate is virtually identical. This erroneous notion derives from the conflation of Pearl's ROL theory with Rubner's (98) finding that metabolic energy expended per gram body weight during lifetime in five mammalian species, which varied sixfold in longevity, was relatively constant (*200 kcal), insinuating that different genotypes have the same metabolic potential. Nevertheless, as originally laid out, the ROL theory implied that longevity of a given individual is an inverse function of the rate at which the metabolic potential is expended, and different individuals have different metabolic potentials, determined by their genetic makeup. Increasing or decreasing the rate at which this potential is used up will shorten or lengthen the life span accordingly. Because the ROL hypothesis is mainly focused on the individual organism, a rigorous test of its validity still remains a daunting proposition [reviewed in Ref. (104) ].
Nevertheless, these early studies in Drosophila led to the recognition that the rate of energy consumption, and by extension oxygen utilization, directly affects the length of survival. This relationship is particularly noticeable in poikilotherms, because their metabolic rate, unlike in mammals, is highly variable. The ROL theory, largely based on studies in Drosophila, accorded with the long-established recognition that oxygen is a potentially toxic, although vital, substance for the survival of aerobes [reviewed in Ref. (35) ]. A subsequent search for a biochemical explanation of oxygen toxicity and its role in the aging process culminated in the enunciation of the free radical hypothesis of aging (34) , which proposed that senescence-related functional losses are caused by the gradual accumulation of macromolecular structural damage, inflicted by the oxygen-derived free radicals, especially the hydroxyl free radical. Based on additional information about the mechanisms of reactive oxygen species (ROS) production, the modes of action of antioxidant defenses, and the nature of macromolecular oxidative modifications, the concept embodying the free radical hypothesis was broadened and retermed as the oxidative stress (OS) hypothesis. In this view, the intracellular rates of ROS production and the antioxidant defenses that eliminate them are chronically imbalanced, implying that the cells exist under a state of OS, which acts as the primary driving force underlying the aging process.
Structural damage-based OS hypothesis of aging
The main features and predictions of the OS hypothesis of aging, also discussed elsewhere (104) , are as follows: (i) the gap between antioxidant defenses and ROS production widens during aging, especially during the postreproductive period, due to a decline in antioxidant defenses and/or an elevation in the rates of ROS (H 2 O 2 ) generation. (ii) The progressive accrual of structural damage with age is presumed to cause the corresponding losses in cellular functions. (iii) Enhancements of antioxidant defenses and/or decreases in ROS generation are predicted to depress the amounts of accrued structural damage and thereby result in delayed physiological manifestations of senescence and an extension of longevity. (iv) Variations in life spans among closely related species should correlate with the levels of structural damage and the rates of ROS production and/or overall efficiency of antioxidant defenses.
The Drosophila model has been extensively employed to test the predictions of the OS hypothesis. Studies on the effects of age on the rates of mitochondrial generation of H 2 O 2 , the levels of antioxidant defenses, and the amounts of macromolecular oxidative damage have, in general, accorded with some, but not all, of the main predictions of the hypothesis. For instance, the rate of mitochondrial H 2 O 2 generation, measured in the flight muscle, was found to increase 1.3-2-fold with age (104, 105) . Mitochondrial H 2 O 2 is produced by the auto-oxidation of the components of the electron transport chain, and consequently any retardation of the electron relay may cause an elevation in O 2 -/H 2 O 2 generation. Mitochondrial state 3 or ADP-stimulated rates of oxygen consumption, respiratory control ratios, rates of uncoupled respiration and activity of complex IV, or cytochrome c oxidase (CcO) were observed to decrease significantly as a function of age in the flight muscle mitochondria of D. melanogaster (27) . Exposure of mitochondria to KCN, which inhibits CcO activity, elevated the production of H 2 O 2 . These findings collectively suggested that enhancement of mitochondrial H 2 O 2 production during aging may be caused by a decline in CcO activity. Further studies indicated that CcO holoprotein progressively loses structural integrity during aging due to differential losses in the levels of constituent polypeptides (91, 106 ). Another study, involving a comparison among five different species of Dipteran flies, which varied more than twofold in their life spans, showed that the rates of mitochondrial O 2 -/ H 2 O 2 generation were inversely correlated, and the levels of protein carbonyls were directly related to the average life span of the species (105) .
Studies in Drosophila and other species have indicated that there is no generalized age-related trend in activities of various antioxidant enzymes, with some showing a decline while others exhibiting an elevation or no change. In Drosophila, activities of catalase and thioredoxin reductase (TrxR) and the ratios of GSH:GSSG and NADPH:NADP + were found to decrease, whereas superoxide dismutase (SOD) activity tended to increase, with age (102). Since there is no broad improvement in antioxidant defenses, while the rates of O 2 -/ H 2 O 2 production tend to rise, it can be surmised that the level of OS, that is, the imbalance between pro-and anti-oxidants, widens during the aging process. The inference that there is a progressive age-related increase in the intracellular generation of H 2 O 2 has provided an important clue for further explorations into the mechanisms by which ROS may play a role in the aging process, specifically, how increasing the steadystate concentrations of H 2 O 2 affect cellular constituents/ functions.
Age-related accrual of macromolecular oxidative damage has indeed been well documented in Drosophila and many other species (104, 116) , but whether such damage is in fact the main causative factor or a relatively minor contributor to the concomitant age-related losses in physiological fitness remains controversial. One reason for skepticism is that the agerelated increases in the steady-state amount of oxidative damage are neither universal nor proportional to the severity of concurrent losses in physiological functions. For instance, (i) the basal levels of oxidized DNA nucleotides in the cells of young organisms are *10
, while the levels in older animals exhibit relatively small increases, usually in the range of 25%-100% (2, 10, 33, 109) . That such a meager increase in absolute damage is functionally consequential seems implausible, based on the available evidence. For instance, oxoguanine DNA glycosylase 1-null mice, deficient in the intramitochondrial removal of 8-oxodeoxyguanine (8-oxodG), a product of DNA oxidation, accumulated several-fold greater 8-oxodG content during aging than the wild-type controls, but showed no discernable deleterious effects on the mitochondrial respiratory function; further, the null mice were phenotypically normal and did not age prematurely (109) . Similarly, MnSOD heterozygous mice accumulated 30%-80% greater 8-oxodG content than the controls, but showed no shortening of life span (120) . (ii) In rat, mitochondrial protein carbonyl content was found to decrease with age in the liver, remain unchanged in the heart, and to increase in the brain (21) . In mice, mitochondrial protein carbonylation increased with age in the skeletal muscle mitochondria of C57BL/6, but not DBA/ 2 mice (56) . Together, such data suggest that oxidative damage may not necessarily increase during aging. (iii) In some cases, significant macromolecular damage is not associated with adverse functional effects; for example, mitochondria in the cerebral cortex of Fischer 344 rats displayed an age-associated increase in the amounts of markers of oxidative damage, such as 3-nitrotyosine, 4-hydroxynonenal, and protein carbonyls, but there was no accompanying loss in mitochondrial respiratory functions (31) . (iv) Another set of findings militating against the concept that accrual of the structural damage is the main causative factor in aging is that the oxidized macromolecules are preferentially degraded and would thus tend not to accumulate with age (56, 104) . Nonetheless, structural damage could still play a causative role in aging if such damaged molecules are toxic, or not fully replaced by de novo biosynthesis. In the latter case, the net amount of the native undamaged macromolecules would be diminished, and the overall functional capacity of the tissue would be attenuated accordingly. Unfortunately, studies quantifying age-related alterations in the molar amounts of various macromolecules have not as yet been performed extensively. Without such information, any opinions about the role of oxidative damage in the causation of aging remain perforce speculative.
The notion that aging is associated with a shift toward a pro-oxidant state due to an elevation in ROS production, while the antioxidant defenses remain relatively static, spawned a wide array of transgenic investigations in the Drosophila model (72, 99, 102, 117, 130) . The main focus of these initial experimental attempts was to augment the levels of enzymes, such as SOD and catalase, given their role in the catabolism of O 2 -and H 2 O 2 . It was reasoned that overexpression of these enzymes would diminish the steady-state levels of ROS/OS and attenuate the age-related accrual of various types of oxidative damage, resulting in extension of the life span. While space limitations here preclude a full treatment, the findings may be summarized as follows: Introduction of extra copies of CuZnSOD, MnSOD, or catalase bearing their endogenous regulatory domains had no beneficial effects on longevity. Co-overexpression of CuZnSOD and catalase was found to have a rather substantial life span extension effect, but proved to be sensitive to background effects, whereby co-overexpression in long-lived flies had only marginal beneficial effects. In the second wave of transgenic studies, these genes were overexpressed either ectopically in a relatively broad manner using constitutive regulatory elements or alternatively in a more targeted tissueor temporal-specific manner (75) . Notably, significant life span extensions were reported in one study involving targeted expression of CuZnSOD to neuronal tissue and in a second series of studies involving the induction of broad expression of either CuZnSOD or MnSOD in adults. These results were encouraging, but again longevity effects displayed a significant sensitivity to background, becoming considerably reduced in longer-lived controls. This relationship can be discerned clearly in the graph presented in Figure 1A , in which maximum reported life-span extensions for all transgenic studies involving SOD and/or catalase overexpression are plotted against their relevant control life spans.
These relatively disappointing results, coupled with the appearance of a series of reports, discussed above, suggesting that age-related increases in oxidative damage were relatively minor, have undermined the long-held presumption of a causative link between aging and accumulation of oxidative damage, and have prompted a re-evaluation of some of the core assumptions of the OS Hypothesis of Aging. Accordingly, a substitute hypothesis, termed the redox state hypothesis of aging, has been proposed (104).
The Redox Stress Hypothesis of Aging
During the past two decades, our understanding of the nature of the mechanisms causing OS and the biological role/ significance of ROS has been fundamentally altered. Previously, OS/damage was believed to arise from one-electron oxidations of macromolecules by free radicals. However, this notion has been replaced by the view that OS in vivo is primarily caused by nonradical two-electron oxidants, such as H 2 O 2 , rather than by one-electron oxidants. Another departure from the previous concept that held that ROS are invariably toxic in nature was modified to accommodate the evidence that protein activity/function in cell signaling can be regulated by oxidation/reduction of specific protein cysteinyl thiols. H 2 O 2 along with certain other stable products of macromolecular oxidation may act as second-messenger signaling molecules by modifying specific cysteine thiols of signal-transducing proteins, thereby altering their function. Typically, under physiological conditions, generation of H 2 O 2 or an alteration in the cellular redox state is believed to cause modifications of specific protein thiols that include, among others, the formation of sulfenic acids, glutathionylation, or intra-/interprotein disulfide formation, which result in a reversible gain/loss of protein function. Such modifications are reversed by the thioredoxin (Trx) and glutaredoxin (Grx) systems. Thus, the thiol/disulfide redox states of oxidationprone cysteine thiols act as functional switches for a large set of proteins in cells. Under in vivo conditions of OS, such as those during aging, where H 2 O 2 production is elevated, the thiol/disulfide signaling mechanisms may consequently be disrupted. Sustained increases in the H 2 O 2 concentration would cause enhancement in the levels of both reversible thiol oxidation, such as sulfenic acids, intra-/interprotein disulfides, and mixed protein disulfides, and also in the amounts of irreversibly oxidized thiols, such as sulfonic acid, thereby increasing the disulfide load/state of the redox sensitive proteins [reviewed in Ref. (41)].
Accordingly, to reflect the state of current evidence, as detailed below, we proposed that the OS hypothesis of aging should be replaced by the redox stress hypothesis, which stipulates that the age-associated pro-oxidizing shift in the cellular redox state promotes oxidation of the cysteinyl thiols of redox-sensitive proteins, and thus compromises the efficiency of cell signaling networks (104) . In this scenario, the post-translational modifications of the redox-sensitive proteins alter protein function and represent the primary factor in the causation of deleterious senescent alterations. It is perhaps instructive to envision this process from a kinetic vantage point, specifically the rate of interconversion between protein thiols in their reduced and oxidized states, as depicted in Figure 2 . Thus, in younger animals, the thiol/disufide ratio is relatively high, and oxidation events resulting in modification of redox-sensitive protein thiols are efficiently reversed, often by means of TRX-and GSH-related enzymatic machinery. With age, the cellular milieu becomes more pro-oxidizing, and the thiol/disulfide ratio declines. Both the degree and level of protein thiol oxidation are enhanced, resulting in a slower reversion of the post-translational modifications, dictated by either the need to replace modified protein through turnover, or, as in the case of sulfinic acid reduction, reliance on the kinetically slower reactions of the sulfiredoxin (Srx) enzymes (39, 92) . As members of the enzymatic resolution machinery (TrxR, peroxiredoxin [Prx], Trx, and Grx) are themselves redox-sensitive, the thiol/disulfide switching mechanisms would be further compromised, and it is imagined that in older animals, this would result in the loss of efficiency in the maintenance of redox homeostasis.
Redox-Sensitive Factors/Reactions and Aging in Drosophila
Characterization of age-related biochemical alterations has shown that perhaps the most ubiquitous changes involve factors that are responsible for maintaining the redox state of the cellular milieu. Indeed, changes in the ratios of the primary redox couple, reduced/oxidized glutathione (GSH), and the levels of mixed protein disulfides have been found to consistently display a pro-oxidative shift in aging fruit flies (86, 89, 90, 102) as well as rodents (87, 88) . These observations led us to investigate further whether transgenic enhancement of the GSH-NADPH redox system would slow down the aging process and extend the life span. Increased production of these reducing species by overexpression of the enzymes involved in their synthesis, namely, either glutamylcysteine ligase (GCL) (GSH synthesis) or glucose-6-phosphate dehydrogenase (G6PD), a component of the pentose phosphate pathway whose activity is the predominant source of NADPH, was found to confer extension of the Drosophila life span by up to 50% (54, 74) . The strongest effects on longevity were observed upon targeted overexpression of a catalytic Life span extensions reported from transgenic studies reviewed here (51, 54, 69, 74, 81, 100, 119) in which levels of GCL, G6PD, Prxs, Trxs, or TrxRs were increased are plotted against their respective control life spans and are depicted as filled triangles, overlaying the SOD/CAT data from above. Background effects are considerably diminished in this group such that longevity effects in relatively long-lived backgrounds are particularly robust (see shaded area). GCL, glutamylcysteine ligase; G6PD, glucose-6-phosphate dehydrogenase; Prx, peroxiredoxin; SOD, superoxide dismutase; Trx, thioredoxin; TrxR, thioredoxin reductase. subunit of GCL in neuronal tissues, while global overexpression of GCLc exhibited beneficial longevity effects at low levels (*2-3-fold), but deleterious effects at higher levels (3-10-fold) (62, 74) . The longevity effects were not accompanied by any evident health span tradeoffs, based on the measures of reproduction, physical activity, and oxygen consumption. Similarly, G6PD overexpressed in neuronal tissues and when expressed globally also exhibited beneficial longevity effects (up to 40%, Fig. 3 ). Extensive biochemical analysis of the G6PD overexpressors permitted us to document a significant increase in the redox potential of tissues, as reflected by elevation in the levels of NADPH, NADH, and GSH:GSSG ratios (Fig. 3) (54) . In contrast, genetic manipulations that caused a severe pro-oxidant shift in redox state, or a
FIG. 2. Schematic changes in the resolution of redox switches with age. Increases in O 2
-/H 2 O 2 production in postreproductive adults cause both reversible and irreversible modifications in protein thiols. Reaction kinetics of thiol reduction will vary as a function of the degree of oxidation of both the target protein thiols as well as the Trxs/Grxs/Srxs that reduce the oxidized thiols belonging to the target proteins. Thus, the reduction of Prx S-S or Prx SOH by Trx or GSH + GST is considerably faster than the reduction of Prx SO 2 H by Srx (39, 92, 94) . The heights of the curved arrows represent the relative rate of resolution of these post-translational modifications as a function of the increasing pro-oxidizing state that accompanies age. Components of the redox system are themselves subject to inactivation via oxidation of functional thiols, further enhancing the disruption of these redox switches. Grx, glutaredoxin; GST, glutathione-S-transferase; Srxs, sulfiredoxins. Life span of flies overexpressing G6PD was increased by up to 40%. Significant elevations in the NADH and NADPH levels as well as the GSH:GSSG ratio were observed in older fly lines ( filled bars) overexpressing G6PD (denoted by a black triangle) relative to controls. The reversion to a younger redox potential in older flies overexpressing G6PD correlated with extended longevity. GSSG, glutathione disulfide. *, denotes significant differences between experimental and agematched controls (p < 0.001).
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redox crisis, appeared to result in an accelerated senescence phenotype. Such manipulations included suppression of GSH biosynthesis by underexpressions of GCL or of mitochondrial Prxs, enzymes known for their major role in the maintenance of the cellular redox state. A decrease in GCLc expression by *95% resulted in an *30% shortening of life span and an enhanced susceptibility to oxidative stressors. The underexpression of Prxs caused a several-fold decrease in the GSH:GSSG ratio, a depletion in protein sulfhydryl content, an increase in apoptosis and a dramatic shortening (*80%) of life span (62, 82) (Fig. 4) . Notably, similar, although lesssevere, biochemical alterations also occurred in flies undergoing normal aging (86, 128) . GSH and NADPH serve as the two most preeminent suppliers of reducing equivalents: they act as electron-donating coenzymes/cofactors in the catalyzed eliminations of ROS and play a central role in the maintenance of redox homeostasis. As alluded to above and as discussed in a recent review (104) , the present incarnation of the OS paradigm favors the notion that rather than the accumulation of the structural damage, it is the breakdown in redox-based signaling due to age-associated changes in redox homeostasis that may serve as the more proximate causative agent in senescence. From this perspective, the maintenance of redox homeostasis becomes a critical factor in the determination of life span. The main enzymatic components maintaining this system are depicted in Figure 5 .
Central to this scheme are the Prxs, which act as reductants of peroxides, including H 2 O 2 , and are in turn reduced by Trx. Oxidized thioredoxin (Trx-S2) is reduced by TrxR, which then receives reducing equivalents from NADPH. In addition, Trx catalyzes the reduction of protein disulfide linkages as well as GSSG. GSH is required for the reduction of Grx, which catalyzes the deglutathionylation of protein mixed disulfides (R-S-SG and R-S-S-R). This redox maintenance system relies on the availability of functional thiol groups in the active centers of Trx, Grx, Prx, and TrxR. Numerous studies support the view that overoxidation of these thiol groups would perturb redox signaling. One experimental strategy to counteract redox stress could be the augmentation of the levels of enzymes involved in the redox balance. We describe here the results of studies designed to test this notion, particularly focusing on the Drosophila model.
Peroxiredoxins
The Prxs comprise a family of peroxidases that can modulate the redox state due to their ability to eliminate H 2 O 2 and organic peroxides via a thiol-dependent mechanism. The Prx family in Drosophila consists of 7 members, distinguishable by their structure, number of functional cysteines, subcellular localization, and mode of elimination of the reactive intermediates. The effects of the variations in the levels of these proteins on survival of flies under normal and stress conditions were demonstrated in studies involving over-or underexpression of Prxs. As of yet, two Prxs were found to affect aging in flies, Jafrac1 (also known as Dpx4783 and cTPx) and dPrx5. Jafrac1 was identified as a homolog of the mammalian Prx2, based on the features of the amino acid sequence (53) as well as the ability of the human Prx2 gene to rescue the jafrac1 mutant effects, such as mitochondrial dysfunction characterized by reduction in the ATP levels and depletion of mitochondria, and greater susceptibility to the OS, induced by paraquat (24, 51) . Targeted overexpression of Jafrac1 in neuronal tissue not only conferred resistance to paraquat but also extended the life span of flies under normoxia by up to 29% (in males) and 26% (in females) (51) . The stress resistance, conferred by Jafrac1 overexpression, correlated with a decrease in ROS levels in the fly brains, underscoring its role in neuronal tissue. Localization studies revealed that Jafrac1 was expressed in a global manner, although the levels were particularly elevated in the brain, imaginal discs, and malpighian tubules (51, 95) . In mammals, Prx II was also found to be expressed in the brain (59) and a wide variety of other tissues (58) . In a series of epistatic studies, Jafrac1 expression was shown to be linked to FOXO/JNK signaling, exhibiting upregulation in response to the oxidative stressor, paraquat, in a manner that was both FOXO-and JNK-dependent. Further, Jafrac1 seemed to function in a feedback loop, that is, inhibiting phosphorylation of the JNK kinase, Basket, and thus attenuation of the JNK signal (51) .
Another Prx that has strong effects on the life span in Drosophila is the Prx subtype 5, dPrx5. This Prx was identified as a strong antioxidant, based on in vivo studies where absence of dPrx5 resulted in enhanced susceptibility to H 2 O 2 and paraquat-and tissue-specific apoptotic changes normally observed in older flies (81, 128) . Conversely, broad overexpression of dPrx5 conferred marked resistance to OS and a life span extension of > 30% (81, 128) . The response to immune stressors, such as bacterial infection, was also attenuated in the transgenic flies (80) . This effect is notable in that constitutive overactivation of the immune response is a known signature feature of aging (49), and its experimental overactivation has been shown to shorten the life span significantly in the fly (57) . In response to a microbial challenge, Jafrac1 was found to act as a negative regulator of JNK activation (80) . Studies performed by Ahn et al. also revealed the association of dPrx5 with JNK/FOXO signaling in fly gut epithelial cells during the immune response (4), suggesting that dPrx5 modulates activation of JNK signaling by affecting phosphorylation of the JNK kinases (Fig. 6 ). In turn, induction of Prx5 in gut epithelial cells is dependent on both JNK kinase (Basket in Drosophila) and Foxo (4). Altogether, data suggest that the JNK/FOXO module is a primary target of Prx-mediated signaling that affects resistance to stresses and the life span in Drosophila. The data also suggest a circuitry in the Prx/JNK/FOXO-mediated responses. Thus, a stressor such as OS may initially activate the JNK/FOXO signaling pathway, which in turn induces expression of various protective effectors, including Prxs. Subsequently, the Prxs are thought to attenuate the JNK signaling pathway by reducing phosphorylation of the JNK kinases in what constitutes a feedback loop.
Current evidence suggests that Prxs are largely regulated post-translationally through functional cysteines, which can be reversibly inactivated by various modifications, such as glutathionylation (13, 76) or oxidation beyond the reversible sulfenic (SOH) and sulfinic acid (SO 2 H) states to the irreversible sulfonic form, SO 3 
FIG. 5.
Interactions among the redox maintenance system in Drosophila. Cellular reducing equivalents NADPH and GSH are generated through the reactions catalyzed by G6PD, GCL, and GS (see text for discussion). R, an alkyl group; 6GP, 6-phosphogluconate; cGC, gamma-glutamylcysteine; GS, glutathione synthase.
FIG. 7. Post-translational modifications of Prx functional cysteines.
Thiols are oxidized to sulfenic acid and disulfides (reversible by Trxs or GSH and GST), or further oxidized to sulfinic acid or inactivated by glutathionylation (reversible by Grxs and Srxs). Inactivation of Prxs by oxidation to sulfonic acid or S-nitrosylation is considered irreversible.
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( Fig. 7) . Different Prxs are differentially susceptible to overoxidation; for example, Prx2 is more easily overoxidized compared to Prx1 or Prx3 (108), while Prx5 is relatively resistant (48 
Sulfiredoxins
Besides Trxs and GSH, a group of proteins known as the Srxs participates in Prx recycling by reducing cysteine residues that have been overoxidized to sulfinic acid or glutathionylated (14, 76) . Analysis of these enzymes is in the early stages, and as such, their significance has yet to be clarified. While studies as of yet have been largely restricted to the mammalian models, at least one putative Srx gene, designated as CG6762, has been identified in Drosophila, but it currently lacks validation.
Thioredoxins
Trxs are a family of low-molecular-weight (*12 kDa) dithiol-disulfide oxidoreductases, which catalyze the reduction of disulfides. They contain a highly conserved active center with two reactive cysteine residues that undergo oxidation to the corresponding disulfide by transferring two reducing equivalents from Trx to a disulfide-containing substrate, such as protein disulfides or GSSG. The resulting disulfide at the Trx active site is in turn reduced by TrxR, which catalyzes the transfer of two reducing equivalents from NADPH to Trx. In Drosophila, Trxs play an important role in maintaining redox homeostasis, as they function as the principle reductants of GSH (15, 45) .
The role of Trxs in the aging process was initially investigated by Mitsui et al. (70) by expressing human Trx in mice. The recipient mice exhibited relatively higher levels of Trx activity as well as extensions in both median and maximum life spans. However, the significance of this finding remained controversial because of the relatively short life spans of the controls. A replication of this finding in a different background did not confirm the extension of a maximum life span, but did show delayed death in males during the initial part of life span (78) . In Drosophila, out of 11 predicted Trxs, 3 classical Trx genes have been identified (deadhead [dhd], Trx-2, and TrxT), and mutants for all 3 have been characterized. The dhd and trxT genes form a cluster on the X-chromosome, and both appear to be germ-line specific, dhd being associated with the nurse cell nuclei and karyosomes of the ovary, and trxT with the spermatocytes (111) . While Trx-2 has been colocalized with Trx-T, it is also expressed at significant levels in somatic tissues, and thus represents an attractive target for the evaluation of longevity effects. Trx-2 (synonym CG3864) was detected during a search for the longevity-associated genes (100) . The absence of Trx-2 shortens longevity significantly relative to the wild-type flies or flies lacking either of the other main Trxs. Moreover, the trx-2;dhd and trx-2;trxT double mutants were similar in longevity to the trx-2 single-mutant flies. Using a P-element Trx-2 transgene, it was possible to not only rescue the longevity deficits for all of the mutants, but also to slightly extend the life span relative to the wild-type control under both normal conditions and under OS (exposure to paraquat) (112) . Because only one transgenic line was used and because the randomness of transgene insertion in the genome can have a confounding effect, the results of these experiments should be regarded as tentative. In a second study with trx-2 mutants, the loss of this Trx not only caused hypersensitivity to paraquat treatment but also elicited a large increase in protein carbonyl levels, particularly in the older flies. While the mutant flies tended to mount an adaptive response in the form of increased levels of antioxidant defenses, including SOD1, catalase, and GSH synthetase, the GSH levels remained depressed (118) . Compensatory upregulation of the other Trxs (dhd and TrxT) was not observed.
A series of studies by Umeda-Kameyama et al. ( (119) . In one instance, overexpression of TrxT by the elav-GAL4 driver, which permits broad expression in neuronal tissues, resulted in life span extension. While tantalizing, these results need to be more rigorously controlled for position effects, given the use of only a single TrxT transgenic line and one control (119) .
In recent studies, potential Trx targets and regulators that might be involved in regulating survivorship under normal and stress conditions have been identified. The Trx, Trx-2, was found to genetically interact with an extramitochondrial variant of the apoptosis-inducing factor (AIF) to mediate cytotoxicity, and thus participate in the regulation of cell death (42) . AIF carries domains that classify it as a redoxactive oxidoreductase, and was originally identified as a mitochondrion-localized protein, which translocates to the nucleus upon proapoptotic stimuli, where it triggers fragmentation of DNA (110) . However, it is not yet established whether similar mechanisms exist in Drosophila, as the capacity of the Drosophila ortholog to trigger apoptosis and interact with Trx-2 was demonstrated only with its truncated form, which lacks a mitochondrial-targeting signal, and is thereby misdirected to extramitochondrial compartments (42) . On the other hand, both Trx-2 and AIF were among 16 identified genes, required for survival from fungal infection (40) , suggesting that the two genes are inter-related and involved in mediating common signal transduction pathways that modulate responses and adaptation to environmental challenges.
Another Trx, TrxT, was induced in response to MnSOD overexpression, which had previously been reported to extend the life span (18) . From this, the authors surmised that MnSOD overexpression might elicit increases in H 2 O 2 production that would activate various stress pathways, such as NF-kappa B and JNK, which in turn could activate downstream effectors such as TrxT. While attractive, there is as yet no experimental validation of this hypothesis.
Thioredoxin Reductases
Unlike the mammals, where GSSG is reconverted to GSH by the activity of GSH reductase, in Drosophila this function is largely assumed by TrxR, which functions to reduce both Trx and GSSG (45, 68) . According to the latest FlyBase report, there are two genes encoding TrxR in Drosophila, trxr-1 and trxr-2. trx-1 specifies three distinct isoforms, produced by alternative splicing. All three include a large common domain, comprising the catalytic C-terminus and an FAD-binding site, both of which are necessary for catalytic activity, but differ with respect to their N-terminal sequence, which apparently determines their differential subcellular localization. One of the isoforms, isoform B, is localized to the mitochondria, while the TrxR1-A isoform is cytosolic (69) . Mutations in the trxr-1 gene that affect expression of either the cytosolic or mitochondrial forms, or both, were lethal (69) . The third isoform, alternatively transcribed from the trx-1 gene, as well as the products of a second trxr-2 gene, remains to be characterized experimentally.
The functional impact of TrxR-1 A (cyt) and TrxR-1 B (mt) in vivo has been inferred from a series of mutant/transgenic studies (69) . Hemizygous mutants affecting expression of either the cytosolic or the mitochondrial TrxR-1 isoform, or both, had a significant life span-shortening effect, which was rescued by ectopic expression. Mutants lacking the cytosolic isoform could be rescued by ectopic expression of the mitochondrial form, but the cytosolic isoform could not compensate for the absence of the mitochondrial isoform. Although the differential rescue effects of TrxR cyto and TrxR mito ectopic expression have been demonstrated in the trxr-1 mutants using the UAS/GAL4 system, their effects on aging have yet to be investigated in a wild-type background. In an earlier study, the role of Drosophila TrxR-1 in the aging process was tested by transgenic overexpression of TrxR1 from a large (*8 kb) genomic fragment, containing the entire coding domain as well as the endogenous promoter (71) . While no effects on longevity were revealed under normal conditions, transgenic lines overexpressing TrxR-1 were more resistant to exposure to 100% oxygen. Consistent with this finding was the observation that TrxR-1 expression was induced in response to the administration of OS (11) .
While the absence of longevity effects, shown in a single study, supports the notion that overexpression of TrxR in tissues where it is normally found at significant levels confers beneficial effects only in the presence of acute OS, a more rigorous tissue and temporal-specific investigation is needed. This is underscored by our finding that enhanced GSH production has positive effects on aging when GCLc, a ratelimiting enzyme in the GSH synthesis pathway, is overexpressed in neuronal tissues, but not when overexpressed constitutively at high levels (74) . If maintenance of the GSH redox ratio in neuronal tissue is indeed critical, appropriate targeting of TrxR might also have positive longevity effects.
Glutaredoxins
Like Trxs, Grxs are oxidoreductases, which specifically catalyze the deglutathionylation of proteins, utilizing cysteine residues in their active sites. Grxs have been studied in a variety of contexts, including sulfhydryl homeostasis and regulation of redox signal transduction. The ability of Grxs to regulate protein S-glutathionylation suggests that it could play a vital role in controlling redox-responsive protein activity and, by extension, may critically impact disease progression [see Ref. (124) for a comprehensive review on these issues].
As of yet, the role of Grxs in the aging process has received scant attention; however, a study conducted by Gallogly et al. (30) suggested a connection between age-related Grx-1 loss and apoptosis. Specifically, cardiomyocytes derived from old rats were found to exhibit an *40% decrease in Grx activity compared to cells from young adults. The Grx-1 loss was correlated with a reduction in NF-kappaB transcriptional activity and a decrease in production of the anti-apoptotic NF-kB target gene Bcl-xL. A comparable (*50%) decrease in Grx activity in H9c2 cardiomyocytes, induced by siRNAi was also found to cause a drop in NF-kappaB transcriptional activity and a marked increase in apoptosis (30) .
To the best of our knowledge, the role of the Grx genes in the aging of Drosophila has not been investigated. One Grx is encoded by the clot gene (CG11024), whose product has been shown to act in the biosynthetic pathway of Drosophila eye pigments (drosopterins) (32) . Based on the deduced amino acid sequence, it contains the Cys-Pro-Tyr-Cys motif, a signature of Grx, but it cannot yet be clearly distinguished from a possible Trx-like protein. There are two additional Drosophila candidate homologs corresponding to the mammalian Grx-1 (CG7975) and Grx-2 (CG6852) genes. However, in the absence of functional analysis, both of these genes remain virtual.
Perspectives and Future Directions
While the currently available information is relatively meager, it strongly suggests a likely connection between the thiol redox state and the aging process. Initial studies on the genes involved in the maintenance of thiol homeostasis have shown that their overexpression has strong positive effects on longevity. In Figure 1B , transgenics overexpressing the redoxrelated genes (GCL, G6PD, Prx, and Trx) are compared to SOD and/or catalase overexpressors, based on life-span extension relative to control life span. It appears that the positive effects of these redox-related genes are less sensitive to background, such that strong positive effects are observed in relatively long-lived flies (shaded area). In addition to these encouraging life span effects, it is notable that, at least in some cases, the level of their products has been documented to falloff with age. Such preliminary evidence supports the need for additional studies elucidating the mechanisms by which the redox-sensitive targets/pathways affect the aging process.
Insights garnered in such studies may then serve as the basis for the development of specific redox-based intervention strategies to slow aging and enhance health span.
Among pathways worthy of further exploration are some of the now iconic aging pathways such as insulin signaling (InS) and TOR, as well as the various interacting pathways that include JNK, NRF2, and NFKB (among others). Both InS and TOR are nutrient-sensing pathways, conserved in many organisms from yeast to humans, and are well established for their association with longevity. Mutations resulting in the reduction of InS in worms were found to increase the life span and confer greater resistance to OS, and these effects were
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shown to be dependent on DAF16 (FOXO) mobilization to the nucleus (47, 52, 60) . Shortly thereafter, similar longevity effects were reproduced in the Drosophila model (16, 114) . Longevity-associated effects of the TOR pathway were identified in Drosophila in a series of screens for mutants or overexpressors that extend life span, where the first identified component was S6 kinase, a downstream effector of TOR [reviewed in Ref. (46)]. The effects of reduced activity of both the InS and TOR pathways largely overlap with those elicited by dietary restriction [reviewed in Ref. (28)], and like DR, they appear to induce a shift from growth and reproduction toward somatic maintenance. Some of the interactions involving these two pathways and others are depicted in Figure 8 .
Within the InS and TOR pathways, there exist a number of candidate redox-sensitive targets, which include phosphatases (PTEN and PTP1B), kinases (PI3K, ASK1, PKB, MEKK1, and TOR), members of the FOXO family [reviewed in Refs. (19, 23) ] and the TSC1/TSC2 complex (125) . As may be observed in the scheme, a number of these targets are held in common, and unwinding the potential crosstalk between these pathways and others promises to be a fruitful area of investigation in the future. The phosphatase, PTEN, seems to be particularly interesting, as it contains a cysteine sulfhydryl group that in the presence of H 2 O 2 is readily converted to a sulfenic residue, which in turn can undergo various reversible modifications. Should such modifications diminish enzyme activity, a possibility in older animals, it would result in both suppression of FOXO and activation of TOR, events associated with more rapid aging. The redox-sensitive nature of this modification is underscored by studies in mice, where it was found to be sensitive to Prx levels that presumably prevent oxidation of PTEN catalytic cysteines by controlling local H 2 O 2 fluxes (12) . Moreover, increasing the levels of Srx, known to protect against over oxidation in Prxs, resulted in an increase in the PTEN levels (55) .
The positioning of FOXO in the scheme, depicted in Figure  8 , would suggest that it plays a key role in the integration of multiple signals. While the redox properties of the Drosophila FOXO have yet to be determined, evidence for redox-sensitive regulation of Foxo4 in mouse cells was recently obtained in   FIG. 8 . Cumulative scheme adapted from the data published in (1, 7-9, 43, 46, 63, 113, 115) showing components of pathways implicated in regulating the life span in Drosophila and their interactions. Potential redox-sensitive targets are circled in dashed red, and established redox modifications are circled in red. Components with life span-extension effects are indicated by red letters. Genes involved in redox homeostasis may act as redox sensors and modulators of signaling pathways implicated in longevity. InS, TOR, JNK, and NRF2 pathways are experimentally determined to extend the life span in Drosophila and other organisms. TOR signaling is activated by the upstream kinases PIP3 and Akt, which respond to different signals mediated via InS. Two TOR effector targets are kinase S6 and 4E-BP, an initiation factor eIF4E-binding protein. GTPase Rab1 and the phosphatases Prtp61F and PP2A are modulators of the TOR pathway and affect phosphorylation of kinase S6. JNK activity is modulated by the phosphatase Puckered. TOR, InS, and JNK signaling integrate at FOXO, and both FOXO and JNK signaling affects the Drosophila immune response. PTEN modulates both InS and TOR signaling and thus constitutes another key regulatory site sensitive to redox. NRF2 activity (CNC in Drosophila) is regulated by PI3K and JNK kinases among others and through its interaction with redox-sensitive protein KEAP1. InS, insulin signaling. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub .com/ars studies by Dansen et al. (20) . Upon exposure to H 2 O 2 , Foxo4 forms a heterodimer with p300 acetyltransferase via formation of a disulfide bridge. Once the heterodimer is formed, p300 acetylates Foxo at a lysine residue and thus inhibits its transcriptional activity. The dynamic resolution of the heterodimer complex is in turn regulated by Trx. This thioldependent regulation of FOXO was supported by both substitution of critical cysteine residues and treatment with NAC, which abrogated the p300-lysine interaction (20) .
A connection between JNK signaling and FOXO has been amply demonstrated in the fly model (51, 121, 122) . In response to OS, JNK signaling fosters nuclear localization of FOXO, and the upregulation of key redox effectors (Prxs, Trxinteracting proteins [TXNIP]) as well as various detoxification agents such as GSTs and cytochrome p450's (Cyp450) (5, 6, 22, 51) . Since similar GST activation was also observed in longlived GCL overexpressor flies (79) , it would be of interest to determine whether the longevity effects might be connected to the redox-sensitive signaling orchestrated through the JNK/FOXO pathway. There exist multiple redox-sensitive targets in the JNK pathway both upstream (MEKK1 and ASKI) and downstream. Of particular note is the phosphatase puckered, which is upregulated in response to JNK signaling, and whose principle target is JNK kinase Basket (8, 121) . The presence of a redox-sensitive cysteine renders this species sensitive to redox fluctuations that would contribute to the upregulation of the innate immune response observed in older animals. Indeed, the other major component known to regulate the immune response in Drosophila and mammals is the NF-kappaB pathway, and it too has been shown to be subject to redox regulation [reviewed in Ref. (44)]. Finally, studies on NRF2/KEAP1 signaling in Drosophila have revealed a role for this redox stress-response pathway in aging (113) , perhaps by its upregulation of genes that affect redox, including Prxs, Srxs, and GCL (37, 107) . By analogy with its mammalian counterpart, it is likely to be itself a subject of redox regulation. Indeed, activity of human or murine KEAP1 depends on disulfide formation or S-nitrosylation of cysteines, caused by changes in redox (29, 36) , and the redox environment has been shown to impact formation of the intramolecular disulfides and glutathionylated cysteines in vitro (38) . However, it is yet to be experimentally determined whether the function of Drosophila KEAP1 is also dependent on such cysteine modifications.
Epigenetics, Redox State, and Aging
The word inexorable is often used to characterize the aging process, and it has been a subject of pressing importance to determine what might underlie this apparent one-way progressive deterioration. What are the changes that become irreversibly imprinted in memory of cells, whereby aging like development becomes a unidirectional irreversible process, and how might fluctuations in redox state impact this dynamic phenomenon? A flurry of recent studies has identified a wide array of so-called epigenetic changes that accompany the aging process, and these are thought to have significant modulatory effects on aging. Epigenetic factors that are considered to drive changes in gene expression, including age-related fluctuations in noncoding RNAs, comprise modifications of histones (methylation, acetylation, ADPribosylation, etc.) as well as DNA (primarily methylation). In one scenario, the accumulation of such modifications might slowly restrict the cell's ability to maintain homeostasis through its resident gene expression programs and thus serve to dictate what one might term an aging program. How such age-associated changes come into being is of course a matter of great interest, and here the poise of the redox state may not be inconsequential.
At the present juncture, there is ample evidence that changes in epigenetic modeling cause alterations in gene expression, including direct effects on the redox-related genes. For instance, chemical or genetic inhibition of histone methylation has been found to upregulate the expression of TXNIP, resulting in inhibition of Trx activity (129) . Hypermethylation of the CpG sites in the Nrf2 promoter resulted in reduced levels of Nrf2 transcription, as well as a set of downstream GST genes (65, 126) .
While investigations into the possible impact of redox state on epigenetic states have been minimal, recent studies have implicated the redox effects on histone acetylation through the oxidative modulation of histone deacetylase (HDAC) activity (73) . The function of HDAC and nucleocytoplasmic translocation depend on the formation of a disulfide bridge between conserved cysteine residues during oxidation, a process controlled by Trx1. Trx1 was also found to modulate the intramolecular disulfide bonds between cysteines in the histone deacetylases, DnaJb5 and HDAC4, formed in response to ROS-generating stimuli (3). The further involvement of HDAC Cys residues in the regulation of activity was demonstrated in studies where carbonylation of these Cys residues resulted in modulation of H3 and H4 histone acetylation, followed by liberation of latent transcription factors and derepression/activation of downstream response genes (25) .
Other data, while tantalizing, are at this stage indirect. Thus, in a recent microarray study on the long-lived GCLc transgenic fly model, in which levels of GSH were enhanced, it was shown that the expression of multiple histones was significantly increased (79) . How this might affect chromatin modeling has not yet been explored, but the connection is an intriguing one.
While the possible role of redox poise on epigenetic states remains underinvestigated, important inroads have been made into the plausible role of epigenetic states on aging. Thus, dramatic changes in the chromatin structure, determined by mapping histone modifications (increased levels of di-or trimethylation of lysine 9 of the H3) or heterochromatinbinding protein 1 (HP1) were found to occur with age in Drosophila (123) . Altering the heterochromatin levels by genetically manipulating HP1 and JAK/STAT signaling resulted in derepression of silenced genes and aberrant gene expression patterns associated with old age (50) . In a similar vein genetic manipulations of histone deacetylases Sir2 and Rpd3 (96, 97) as well as the Polycomb Repressive Complex 2 (PRC2), responsible for histone 3 trimethylation (101), and PHO (a DNA-binding PcG protein involved in recruiting PRC2 to chromatin) (17) had significant longevity effects. Drug inhibitors of histone deacetylases, such as trichostatin A and BuA, exhibited similar longevity effects (127) . Moreover, effects on longevity in flies and other organisms were achieved by supplementation with the polyamine spermidine, a treatment known to trigger epigenetic deacetylation of histone H3 through inhibition of histone acetyltransferases, thus suppressing OS and necrosis (26) . It is evident that 798 ORR ET AL.
understanding the possible causal role of the redox state in modulating fluctuations of the chromatin status with age represents an important avenue of investigation.
